Objective: This study tested two related hypotheses: (1) brain blood flow is reduced during postmenopausal hot flashes, and (2) the magnitude of this reduction in brain blood flow is greater during hot flashes when blood pressure is reduced.
F requent hot flash episodes are a primary symptom of female menopause, 1 affecting approximately 70% of women and persisting for typically 1 to 5 years after the onset of menopause. 2<4 Notably, the rate and severity of hot flashes become even higher (90%-100%) in surgically induced postmenopausal women and women with cancer. 3, 5 Hot flashes are defined as sudden sensations of heat that can also be accompanied by sensations of cold, perspiration, anxiety, frustration, depression, and nausea. 1, 6, 7 Despite the prevalence and impact of hot flashes on symptomatic women, physiological responses during a hot flash are relatively unknown.
During a hot flash, there is a significant increase in cutaneous vascular conductance and skin blood flow, which elevates peripheral blood flow. 8, 9 Similarly, under hyperthermic conditions, humans dissipate heat by increasing skin blood flow and by sweating. These heat loss mechanisms redistribute blood from central regions to the periphery, increasing systemic vascular conductance and reducing central blood volume. 10, 11 Hot flashes can acutely reduce blood pressure in many symptomatic women, 9 indicating that, as with heat stress, hot flashes may increase systemic vascular conductance and reduce central blood volume. During heat stress, reductions in central blood volume and end-tidal carbon dioxide contribute to accompanying reductions in brain blood flow. 12, 13 Notably, the magnitude of these heat-related responses corresponds to the degree of heat stress. 14 It is unknown whether the smaller and perhaps more short-term increase in skin blood flow and sweat rate accompanying a hot flash similarly affects brain perfusion. To that end, the first objective of this study was to test the hypothesis that brain blood flow is reduced during postmenopausal hot flashes.
Previously, our laboratory has shown that hot flashes are accompanied by short-term reductions in blood pressure in many symptomatic women. 9 Brain blood flow is not independent of changes in blood pressure 15 ; thus, it is possible that the short-term reduction in blood pressure during hot flashes is a primary mechanism responsible for the hypothesized reductions in brain blood flow. Therefore, the second purpose of this study was to test the hypothesis that the magnitude of the reduction in brain blood flow during a hot flash (should this occur) will be greater if that hot flash is accompanied by reductions in blood pressure.
METHODS

Participants
Eleven healthy postmenopausal women (two surgically menopausal women and nine naturally menopausal women) participated in this study (mean [SD] age, 53 [3] y mass, 62 [6] kg] body mass index, 24 [2] kg m j2 ). All women were amenorrheic for at least 1 year and had a minimum of four hot flash episodes per day, as indicated from a 7-day journal. Participants were healthy; had no history of cardiovascular, neurological, or metabolic diseases; and were not taking hormone therapy or other therapies designed to reduce hot flash frequency/intensity. A written informed consent form was obtained before participation in this study, which was approved by the University of Texas Southwestern Medical Center, Texas Health Presbyterian Hospital Dallas, and complied with the Declaration of Helsinki. Before each experimental visit, participants abstained from exercise and alcohol for 24 hours before testing and from caffeine for 12 hours before testing.
Instrumentation
Beat-to-beat arterial blood pressure was measured using finger cuff photoplethysmography (Finometer Pro [FMS, Amsterdam, The Netherlands] and NexFin HD [BMEYE BV, Amsterdam, The Netherlands]). Middle cerebral artery blood velocity (MCAv) was measured using a 2-MHz pulsed Doppler ultrasound system (Multiflow; DWL Elektronische Systeme, Singen, Germany). The Doppler probe was maintained in position at a fixed angle, using a commercial headpiece. Cerebrovascular conductance was calculated from the ratio of MCAv to mean arterial pressure (MAP). Heart rate was collected from an electrocardiogram signal (Agilent, Munich, Germany) interfaced with a cardiotachometer (1,000 Hz sampling rate; CWE, Ardmore, PA). Chest skin blood flow and sweat rate were measured simultaneously via an integrated laser Doppler probe (model DP7a; Moor Instruments, Wilmington, DE) secured in an acrylic sweat rate capsule (0.78 cm 2 area), respectively. Sweat rate was measured using the capacitance hygrometry ventilated-capsule method (Vaisala, Woburn, WA), with compressed nitrogen delivered at a rate of 300 mL minute j1 . Core-body temperature was measured using a telemetry temperature pill swallowed approximately 1 hour before the onset of data collection (HQ Inc., Palmetto, FL). Whole-body mean skin temperature (T sk ) was measured from the electrical average of six thermocouples 16 fixed to the skin with porous adhesive tape. The perceived severity of the hot flash was rated on a 10-point scale. 17 
Experimental protocol
Experiments were performed in a temperature-controlled laboratory (È 25-C). Participants were dressed in waterperfused tube-lined trousers (Med-Eng, Ottawa, ON, Canada) that covered their lower limbs. In some participants, warm water (40-44-C) was perfused through these trousers because hot flashes are more frequent during peripheral warming. 2, 18 After instrumentation, participants rested for approximately 120 minutes while waiting for a hot flash to occur. Data were obtained continuously throughout this approximately 120minute period. Participants pressed a trigger interfaced with the data acquisition system at the perceived onset and end of each hot flash.
Data analysis
Data were acquired continuously at 50 Hz throughout the experiment (Biopac, Santa Barbara, CA). Hot flash onset was objectively identified by a rapid and large increase in sternal sweat rate (rate 90.001 mg cm j2 s j1 ) that dissipated upon the cessation of the flash, as previously described. 9, 18, 19 Each hot flash was divided into eight equal segments to normalize varying hot flash durations between and within participants ( Fig. 1 ). For each participant, a nonYhot flash period (equivalent to each participant's mean hot flash duration of È 6 min) was selected and divided into eight equal segments to identify normal variations in MCAv and MAP.
To address Hypothesis 1, we identified the segment of each hot flash with the largest drop in MCAv and compared it with 1 minute of baseline values (immediately before the onset of the hot flash) and 1 minute of recovery values (2 min after hot To address Hypothesis 2, we categorized each hot flash as Bresponder[ or Bnonresponder,[ as previously performed. 9 Briefly, a responder was identified when MAP decreased by 5 mm Hg or more during any hot flash segment. The segment with the maximal drop in MAP was identified for each hot flash. Baseline (immediately before hot flash) and recovery (2 min after hot flash) values for each hot flash were averaged for 1 minute. Differences in thermoregulatory and hemodynamic responses between responder and nonresponder hot flashes before, during, and after the hot flash periods were evaluated using a two-way mixed-model analysis of variance with main effects of time (repeated variable) and group (nonrepeated variable). Differences in hot flash duration and perceived severity between responder and nonresponder hot flashes were assessed using t tests. Values are reported as mean (SD). P e 0.05 was considered statistically significant. A post hoc power analysis (> = 0.05; power , 0.8) indicated that 13 hot flashes gave adequate power to the analysis of variance statistical test to evaluate differences in MCAv during the hot flash.
RESULTS
During experimental sessions, 25 hot flashes occurred (lasting a mean of 6.2 [2.8] min with a mean frequency of 3 [1] hot flashes per participant). Consistent with the objective definition of hot flashes, sternal sweat rate increased at the onset of each hot flash, peaking at the 3/8 segment of the hot flash and returning to baseline values at recovery (P G 0.01; Fig. 2 ). Skin blood flow was elevated at the onset of the hot flash, peaking at the 1/8 segment (P G 0.01).
Hypothesis 1: brain blood flow during the hot flash
For all hot flashes, the mean peak decrease in MCAv was 7 (6) cm s j1 (12% [9%]; P G 0.01; Fig. 3 ), and this was accompanied by a mean decrease in MAP of 5 (6) mm Hg (6% [7%]; P G 0.01). Seventy-six percent of the hot flashes were accompanied by a decrease in MCAv of 5% or higher, 60% showed a decrease in MCAv of 10% or higher, and 44% showed a decrease in MCAv of 15% or higher. Across all hot flashes, during the segment with the largest decrease in MCAv, there was no relationship between the magnitude of the reduction in MCAv and the assessed responses (ie, MAP, skin blood flow, sweat rate, or rating of hot flash severity; Fig. 4 ). During nonYhot flash periods, there were no significant changes in MCAv (3% [1%]; 2 [1] cm s j1 ) or MAP (3% [1%]; 3 [1] mm Hg).
Hypothesis 2: responders versus nonresponders
Sixteen (64%) of 25 hot flashes were classified as responders, defined by a decrease in MAP of 5 mm Hg or higher, with the mean peak decrease in MAP during these hot flashes being 12 (4) mm Hg (13% [3%]; P G 0.01). Hot flash duration (6.0 [3.4] vs 6.3 [4.2] min; P 9 0.05) and perceived severity (6 [2] vs 5 [2] ; P 9 0.05) were not different between responder and nonresponder flashes, respectively. The magnitudes of the elevations in sweat rate and skin blood flow were also not different between these groups of hot flashes (P 9 0.05; Fig. 2 ).
In the responder group, the peak decrease in MAP occurred in concert with a 6 (6) cm s j1 (10% [8%]; P = 0.04) decrease in MCAv. At recovery, MAP remained 4 (6) mm Hg (4% [7%]) lower (P G 0.01) than baseline values, whereas MCAv returned (P 9 0.05) to near-baseline values in the responder group. In the nonresponder group, there was no significant change in MCAv during these hot flashes (P 9 0.05). Heart rate in both the responder group and the nonresponder group increased by approximately 4 beats minute j1 (P G 0.05) during the hot flash, whereas there were no changes in calculated cerebrovascular conductance or T core (P 9 0.05).
DISCUSSION
These findings demonstrate that approximately 76% of hot flashes are accompanied by a clear reduction (95%) in brain blood flow. Furthermore, a hot flash can be accompanied by a significant short-term reduction in MAP in symptomatic postmenopausal women. However, hot flashYrelated reductions in brain blood flow do not consistently correlate to short-term reductions in MAP.
Hypothesis 1: brain blood flow during the hot flash
Seventy-six percent of the evaluated hot flashes were accompanied by at least a 5% reduction in brain blood flow; 60% were accompanied by at least a 10% reduction in brain blood flow; and 44% were accompanied by at least a 15% reduction in brain blood flow. When an individual transitions from supine position to upright position, there is an approximately 15% reduction in brain blood flow. 20 Accordingly, in nearly half of the evaluated hot flashes, the reduction in brain blood flow was equivalent to that observed with standing. These data indicate that the hot flash, like standing, can present a significant physiological challenge to brain blood flow, and that feelings of faintness often accompanying hot flashes 6 may be associated with short-term reductions in brain blood flow. Estrogen has neuroprotective properties 21 that influence brain blood flow, 22 cerebral reactivity, 23 and cerebral microvascular vasomotor tone. 24 Subsequently, it is possible that reduced estrogen levels in postmenopausal women contribute to the large reductions in brain brood flow observed during some hot flashes. It is recognized that the minimal change in MCAv (ie, a 5% decrease) could result from normal biological fluctuations in brain blood flow. In the current study, however, MCAv had a maximal decrease of 3% (1%) during a nonYhot flash period. Thus, a 5% or higher reduction in MCAv during a hot flash exceeded normal brain blood flow oscillations in these symptomatic postmenopausal women. Furthermore, more than 60% of the hot flashes were accompanied by a reduction in brain perfusion higher than 10%.
Peak hot flashYrelated changes in brain blood flow varied from + 4% to j31% (Fig. 3) . These changes were unrelated to hot flash severity, as quantified by sweat rate, skin blood flow, and hot flash severity perception. Furthermore, when all hot flashes were evaluated, MAP changes during hot flashes were not correlated with changes in brain blood flow (R = 0.36). This is perhaps unexpected because blood pressure can influence brain blood flow. 15, 25 Other major modulators of brain blood flow are cerebral metabolism, cardiac output, sympathetic activity, and the arterial content of carbon dioxide. 25 Therefore, it is possible that one or a combination of these major modulators underlies hot flashYrelated reductions in brain perfusion, although the magnitude of any such modulating effect seems unrelated to hot flash severity. For example, ventilation increases during the hot flash 26 and, subsequently, the arterial content of carbon dioxide may be reduced, contributing to reductions in brain perfusion. In the current study, we attempted to sample the partial pressure of end-tidal carbon dioxide from a nasal cannula. However, many participants markedly changed their breathing pattern during a hot flash and, as a consequence, breathed deeply through the mouth and not through the nose, thereby invalidating the end-tidal carbon dioxide measures. As a result, end-tidal carbon dioxide values are not reported.
Hypothesis 2: responders versus nonresponders
As observed in the present and prior findings, 9 a hot flash can cause significant decreases in blood pressure in many symptomatic women. The second objective was designed to more closely evaluate a possible relationship between hot flashYrelated reductions in blood pressure and reductions in brain blood flow. This objective was accomplished by comparing MCAv responses between hot flashes where MAP decreased by 5 mm Hg or higher (responders) and hot flashes where MAP did not (nonresponders). Sixteen of 25 hot flashes showed a clear decrease in MAP. For three participants, all hot flashes were classified as responders; for two participants, all hot flashes were classified as nonresponders; and for five participants, all hot flashes were classified as both responders and nonresponders. Thus, it seems that blood pressure responses to hot flashes can vary between and within symptomatic women.
In the responder group, MAP decreased by 13% (3%) during hot flashes, and this coincided with a small but significant decrease (ie, 10% [8%]) in brain perfusion (Table 1 ). In the nonresponder group, the maximal change in MAP (j2% [3%]) coincided with a 6% (14%) decrease in brain blood flow. However, this decrease in MCAv was not significant owing to the large variability (T14%) in these hot flashes. These finding indicate that blood pressure alone was not the only modulator influencing brain perfusion during a hot flash. Indeed, some of the largest reductions in MCAv occurred in the nonresponder group, where MAP decreased by less than 5 mm Hg. Interestingly, MAP did not completely return to preYhot flash values during the recovery period in the responder group of hot flashes. Decreases in total vascular A responder was identified upon a reduction in mean arterial pressure (MAP) of 5 mm Hg or higher in any segment of the hot flash. MAP, mean arterial pressure; SBP, systolic blood pressure; DPB, diastolic blood pressure; MCAv, middle cerebral artery blood velocity; CBVC, cerebrovascular conductance; HR, heart rate; $, change; T core , core-body temperature; T sk , mean skin temperature. resistance most probably caused MAP reductions during the hot flash. 9 It is possible that a sustained decrease in total vascular resistance in the responder group slowed the return of MAP to preYhot flash values, although the return of skin blood flow (and presumably cutaneous vascular conductance) to preYhot flash values does not support this presupposition.
Limitations
Mild peripheral warming (legs only) was used to induce a hot flash in some participants. This technique increases lower limb skin temperature without inducing sternal or forearm sweating and has successfully been used by our laboratory 9, 27 and other laboratories 2, 18 to increase the incidence of hot flashes. In our experience, approximately 60% of the participants who do not experience a hot flash within the first approximately 2 hours of assessment will experience at least one hot flash during this mild peripheral warming. In the current study, approximately 40% of women did not need this heating stimulus to trigger a hot flash. Importantly, data from the current study show that cardiovascular responses (ie, heart rate and MAP) were not different (P 9 0.05) between spontaneous and warm-induced flashes. The interpretation of these data is limited to the characteristics of the evaluated participants. It may be that hot flashYrelated changes in MCAv and MAP are affected by variables not considered in the present investigation, such as age, comorbidities, and race.
CONCLUSIONS
In most symptomatic women, postmenopausal hot flashes can cause pronounced transient reductions in brain perfusion, even in supine position. Subsequently, hot flashes can present a significant physiological challenge to brain blood flow, with transient reductions in brain blood flow possibly contributing to feelings of faintness or nausea associated with hot flashes. However, although hot flashes can be accompanied by a shortterm reduction in MAP, other mechanisms or modulators probably contribute to hot flashYinduced reductions in brain blood flow, as indexed by MCAv.
